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NATIONAL ADVISORY COMMITTRE FOR ABRONAUTICS

ADVANOE RESTRIOTED RRPORT B

FLIGHT TESTS OF THEERMAL IOB-PREVENTION EQUIPMENT
ON A LOCKHEED 12A AIRPLANE

ﬁx Riciatd S8cherrer
SUMMARY -

The development of thermal ice-prevention equipment
by the National Advisory Committee for Aeronautics has.
been continued by the applicetion of a heated-alr ice-’
preventian system to a Lockheed 12A airplane. The test
data indicate that thermal ice-prevention equipment 1s
practiocal and that the method of utilizing the exhauat
gases as a gsource of heat 1s satisefactory.

The deslgn teested was eatiefactory in all the icing
conditions encountered, but some parts of the deslgn
provided only marginal protection in the more severe con-

ditions.

As a result eof many flighte in 1cing conditions 1%
l1s apparent that aerodynamic limitations to extended
flight 1n inclement weather can be eliminated by the use
of thermal ice-prevention equipment combined with the
removal of all protuberances from the airplane surfaces.

INTRODUCTION

The development of thermal .ice-~preventlon equipment
by the NACA has been continued by the application of a
heated-alr lce-prevention system to a Lockheed 12A ailr-
plane.

Thie projeet was a continuation of the work reported
in references 1, 2, and 3. The results reported in ref-
erence 1 demonstrated .the practicabllity of ice prevention
on airplanes by the use of heat, The design discussed in
reference 1 used a combination of convective and radiant’
heating from an engine exhaust tube enclosed within the
wing leading edge, and an air-heated empennage. The design
analysis of reference 2 indicated that an iece-prevention
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eystem using heated air -for the wing and the windshileld,

as well as the empennage, would be practical. The present
heated-~air distridution system in the wing of the Lockheed
12A airplane ip similar to that used in the Coneolidated
B..24D airplane descridbed in reference 3, and the basis for
the wing design was dlscussed in reference 3. A descrip-
tion of the ice-prevention system of a Junkers 88 alrplane,
which 1s similar to that used on the Lockheed 12A airplane,
1s ziven in reference 4.

The construction and preliminary flight tests of the
lce~prevention system for the Lockheed 124 alrplane were
conducted at the Ames Aeronautical Latcratory, Moffett
Tield, Calif. The flight tests in icing condltions were
conducted at the NACA Ice Research Project, Minneapolils,
Minn., during the periocd from Januvary 10 to March 28,
1943.

EQUfPMENT AND INSTALLATION

The NACA Lockheed 124 airplane on which the ice-
prevention research has been conducted, is shown in fig-
ure 1. The ice-prevention equipment installed in the
alrplane conglsted of air-heated wing leading odges, hori-
gontal stadblligzer, center fin, and windshield. The sys-
tem also provided alr for cabin Leating. The heated por-
tlion of the wing leading edge extended from wing station
123, which corresponde to the wing panel splice, to the
wing tip. The alr-heoated center vertical fin (added by
the NACA), horizontal stablilizer, and windshield instal-
latlons were the pamc as shown in figures 3, 4, and 5 of
reference 1.

The heated air for the thermal lce~prevention equip-
ment was obtailned from cross-flow heat exchangers in the
exhaust system of each engine. The heat exchangere are
shown 1n figure 2 and were designed and fabricated dy the
NACA from Alcoa 122 aluminum alloy. The notech in the
external fins shown 1n figure 2 provided for a baffle
separating the lncoming and outgoing air streams. The
heat exchanger as shown weighed 25 pounds. This heat
exchanger, design No. 22 in the series being tested at
AAL, was designed to transfer 100,000 Btu per hour with
an air-flow rate of 1600 pounds per hour and a flight
speed of 160 miles per hour 1in the Lockheed 12A airplane.

The external fin design of the heat exchanger was



based on reference 5 and the internal heat transfer was
computed -by a method for gas -flow in narrow gaps (refer-
ence 6). o P :

The exhaust-gas-to-air heat-exchanger assemblies were
each lncorporated in two units, the cast~aluminum heat
exchanger and a double-tube heat exchanger. - The cast-
alumlnum heat exchangers provided heated ‘alr for the wings
and the empennage; while the .douhle-tube heat exchangere
provided for cabdin heating and -windshleld lce preventlion.
T?e)heat-e:ohanger.assemhly lg shovn 1n figures 3(a) and
3(b o
The air circulation through the ﬂxchanger and the air
outlets to the wing and empennage leading edges 1s shown
in figure1ﬂb) The exchanger assembly. 1s shown mounted in °
the onglne exhaust system in figure 4. ' The alr inlet and
the complete installation enclosed 1in the nacelle and
falring are shown 1n figure 5.

The wing-leading—edge alr-dietribution syetem 1s °
shown 1n various stages. of aseembly in figure 6. Figure
6(a) shows the leading-edge skin assembled with the chord~
wise corrugations and rids. The heated alr was ducted
from the heat exchanger, through a discharge~valve assem-
bly, into the leading-edge duct which is formed by the
assembly shown in flgure 6(a) and a baffle, which 1s sghown
attached to the wing structure in figure 6{b). The air
was dlstributed epanwlee in the D-shape 1ead1ng-edge duct
and then flowed chordwiee through the gaps formed by the
corrugatione. (See section A-A, fig. 7. The complete
wing panel is shown in figure 6(c). Thin aluminum-alloy
angles were gpot-welded to the corrugations, at the alr
outlete, between the corrugated inner skin and.the outer
skin. Adjustments were made to the air distribution by’
bending the protruding strips over the air-outlet open~ .
ings. (See section A-A, fig. 7.) Air passed from the
corrugations into the interior of the wing'and, with -the
exception of that drawn off at the wing tips; wae dles-

charged at the alleron gap. -Heated ailr for.the wing tip - °

was drawn from the 1nterior of the wing through the gap
between the leading-edge double skine by the suction at
the alr outlet on the upper surface, as. shown in figure 7,
section B-B,

The modifications to the wing structure ddded 26
pounds to the weight of the airplene. The structure ef
the Lockheed 12A wing conslests of a single main spar,'a
rear shear beam, and a stressed skin and leading edge.



Thies structure.wae net changed.by the provisions for
heating the leading edge. The addition of the inmner
corrugated skin and baffle plate was consldered to more
than compensate for the reduction in strength of the
materlal due to the elevated temperaturea at which tha
leading edge was to operate. S .

A gchematic diagram of the duct systam ;nstalled in
the airplane also i® snown in figure 7. Seven valves
shown 1n the flgure were provlided in the  duct system to
vary the heated-air distridbutioa. Valves were lnstalled
at the outlets to the heat exchangers in order to dls-
charge the heeted air directly into the air stream when
heating 1ls not required. A valve was provided iu the
empennage duct to edJust the gquantity of alr flowing to
that part. Two valves were provided in the windshield
duct; one was operated the the copilot to adJust the alr
flow to the windshleld and the pther by the observer to
regulate the amount of heated air flowing into .the ‘cadin.
In severe icing conditions the cabin-heat valve can be
shut, thereby provliding greater protection for the wind-
shield. . The windshield and empennage designs were the
same as reported in reference 1 and were supplied with
eimilar heat quantities. The gap between the innor and
- outer leading-edge skins was reduced from about 3/16 inch
to an average of 1/8 inch to improve the lnternal hcat
transfer.

The temperature- and pressure-recording instruments
inetalled in the airplane cabin .are shown in figure 8.
Temperatures were measured at 56 polnts in tke wings and
the empennage, and pressures were measursd at 20 points.
The thermocouples and tke pressure tubes were comnected
to recording instruments by an slectric-motor-driven
selector-switch-and-valve assembly. The températures -were
recorded on film by two recording galvanometers and the
pressures wore recorded by an NACA-type two-cell alilrspeed
recorder. The locations of the thermocouples are shown
In figures 9 and 10. -Both the ‘free-stream total ‘and static
pressures woere recorded as refercnce pressures. The rate
of air flow through tho hcat exchangers was ovaluatcd from
a calibration of the static prossure drop. The calidbra-
tlons wore made 1n flight with vonturi metere ovor the
normal range of fuel-air ratlos and air-flow .ratecs. Thoe
rate of flow to the enpennage vas measured wlth a 'venturl
meter in the duct. -

The dir-inlet, air-outlet, and exhaust-gas tempera-
tures were read on a millivoltmeter calibrated in degrees



Fahrenheit and shown on the observer's instrument panel
in-figure -11. - The -exhaust-gas thermocouples were un-
shielded and no corrections were made for radiation
oeffecte.

. The- service airspeed head on the airplane 1s located
on a mast extending down from the fuselage at & point
approximately 2 feet aft of the nose. Difficulty was
experienced with this installation in icing condltions
because ice accretions on the support mast affected the
static pressure at the airspeed head. In order to. elimi-
nate thils dlfficulty, two statlc-pressure orifices were
installed in the surface of the rear portion. of the fupe-
lage to obtain a more copsistent and exact statioc-pressure
measurement under all condltions.

TESTS AND RESULTS ,

The flight tests in natural icing conditions were:
planned with the cooperation of the U, 5. Weather Bureau
and the Northwest Airlines dispatch office. After flying
_into the region of the icing conditions, a preliminary
survey of the vertical and horizontal extent of the 1lclng
reglon was made, recording ambient-alr temperature, altli-
tude, time, 2nd obeservations on the severity .of the leing

conditions, The flight was then continued in the 1cing
condition selected.

., During the 1cing flights, records weré taken of the
temperatures and the pressures in the 1ce-prevention 8y 8-
tem. Photographs and notes of ice formations and meteoro-
.loglical condltions that were encountered were uséd.as a
basis for changes-to the ice-prevention system during the
.progrese of the tests.

The thermal date are presented in tables I and II
and in figures 12 and 13. The conditions of each flight,
altitude, epeed, alr temperature, and typs and approxi-
mate rate of leing are given in table I. The approximate
rate of icing 1s noted as a basis of comparidon of the
severity of the icing conditions encountered. The lclng
rates noted are not belleved to have any meteorologloal

.8lgnificance since the icing rate varies with airspeed
and the contour of the surface on which ths {ce forms.
Table II 1liste the wing and empennage températures.- The
'heat-exchangar performance curves derived from date which
were taken during the icing and preliminary flights are



given in figure 12. The wing-surface temperature rise

at statione 127,.200, and 272 for various condltions 1ps
shown in’ figureu 13(a) to 13{1). fthe photographs of 1we
on the sirplane (figs., 14 to, 21) indicate the typee and” .-
the extent of the 1ce acoretions. '

-

The average heat input to the right panel for all
the flight tests wae 89,500 Btu per hour; wbile the aver-
age lnput to the empeunage was 32,000 Btu per hour, ‘The
average ‘heat loes. through the wing leading-eﬂgs gkin ‘wase
36,000 Btu per hour 1a clear air and 43,500 Btu per-hour
in 1cing condltions. The average drop in tie temperature-
of the alr as 1% passed through the scorrugatlons wae o
125¢ T 1in clear air and 152° ¥ in fe¢ing ccaditions. The
alr temperatures at the corrugation outlets indiesated
that the air distridbution was salisfactory with air-flow
rates ¢f 1400 to 1500 pounds per hour. bui tecames lrregu-
lar when the air flow was reduced to approximaetely 900
pounds per hour. The average wing-surface temperature
rise was approximately 130° F in clear air and varied
from 90° to 130° ¥ in leing conditions. The thermal data
glven in tables I and II.for the empennage sysbtem supple-
ment those previously reported in reference )

?1gures 14 and 165 show ice accretions which formed
at the ends of the leading edge df the horlzontal stabl-
lizer when the air-outlet gap between the ilnner and outer
skine vas.1/16 inch. These formations ogcurred at the
same location on both the right and left stablligzer lead-
ing edges. The air-outlet gap tben was increased to 1/8 -
1nch at the ends so as to increase tiie alr flow through
the gape 1In the reglon where the ice had formed. This
increased air flow prevented' ice formations on the leadlng
edge in succepding flights.

During an initlal flight in icing conditions the 1ce—
prevention syetem was turnod off and ice allowed to form
before the heat was turned on agein. Yigure 16 shows the
wing leading edge during the ice-removal process. Approxi-
mately 2 minutes wsre required t¢ remove all ice accretions.
The heating of the wing tips wae not sufficlent to prevent
lce at alr temperatures bYelow 250 F. 4 typical Ice forma-
tion on the wing tip ia shown in figure 17.,

Freezing of water . which had been prevented from
forming 1ice at the stabiligzer leading edge occurred under
some conditions on the upper surface, as shown in figure 18.

Figures i? and 20 ébow_the'resuita of f1¥ing in a




freezing rain with a free-alr temperature of 199 F, Ice
formed -on- tie pilot’s windshleld, as shown in figure 19,
after’ which' thp.heated air ‘t¢ the’woabin was shul off,:
directing all. the heat "%o. the vlnddhield.' ¥With this con-
ditiony the.tee'yae remove&"' pe rehoval’ process: was
quite: gradnal*—in@ieaxing ﬁhet A’ oriblcdl .conditian foxr
the' 'windshield Lcadprvv tion’ syetem hH8 ‘Beet: approached.,
The ‘stabili-zer collecteg; 1ce Jpjt aft - ‘of 'the leading edge,
as shown in figure ao.fddqﬂug ‘the ‘sgme £light. The ice.
formed in-emall-sheets up t6 1/4. I{xcH {Hilck and:inter-
nittently blew away. ILece 'dfd ‘Aot formenithe.leading
edge of the horlizontal stabilizer. The combinmation.of .
the relatively.largs. supercooled water drops required for
rain.and. the ambient-alr temperatdre (19° .F)-indicates
that the: 1cing eondition during'this fllght wae quite
severe. ) '

o The heat-exchangar performance was in. good agreement
with the deslgn values, ae shown in figure .12, ‘The heat .
exchangers were inspected several times during the flight
operetione at the Ice Research Project in order to deter-
mine Lf there had been any deterloration of the aluminunm
castings. The first inspection indiceted that there had
been some €rosion and melting of the tips of the internal
fine by the exhaust.gases. Later inspections, after more
than 50 hours of serviee, showed that there had bsen
little or no additional deterioration of the 1nterne1
finso )

DISCUSSION - v '+ v =t . :u

The reeulte obtained with the thermal icedprevention
eauipmemt inetalled .on the Lockheed 124 airplane are-in.
agreement with those reported in reference 1 ané with
tests:.of .more recent instdllations in other airplanee.“,
No difficulty was experienced with the operation.of-.the.
‘thermdl : lée-prevention equlpment and the flight tests
Vere cendueted gafely in all the conditions: enonunhered.

‘The heet eupplied to the wing panels was approxi-h
mately 2000 Btu per hour per square foot in dry alr and-
2600 Btu per hour per square foot in icing conditiens,:;:
In' tests with ap XB-24F airplane, approximately 40,000

. Btu per -hour, were transferred through 45 equare¢ie£t of
sUrface ‘area with an alr flow of 1600 pounds per hour 1in
_teing conditions; while in the teste with the Lockheed 124



alrpldine 43,500 Btu per hour .were.-transferred.through.

16..6 " uquare.feet with 1200 pounds. per,hvur of air in.eimi-
lar conditions. .Bven with the large heat input, the wing
- d1d not haveée a .comparably high.average surface tempera-
ture. The average wing-surface temperature rise. recorded
in the XB.24F airplane tests, was 100° F in clear air and
80° to' L0692 F 4n ioing conditions; while the’ temgeratures
for the Lockheed 124 airplane were 130° ¥ and 90

1300 ¥, respectively, with almost three times the unilt
heat input. ' i .

The relatively large ‘heat .quantity transferred, per
-'unit area, to the wing skin.of the Lockheed 124 .alrplane
wag due to the large mass .flow through the corrugations
with consequent high internal heat-transfer coefficlents.
The wing-surface temperatures di1d not increase 1n the same
ratio as the unit heat quantities transferred to the skin,
probably because the external heat transfer was greater
-than on other designs. .

s The boundary-layer characteriatics of the airfqil
sectlione govern the rate of external. heat transfer. The

- NACA 230-series sections used oa the Lockheed 124 airplane
rormally would have less chordwlse extent of the.laminar

- boundary layer than the Davis sectlions uged on the XB-24F
airplane. The early onset of turbulent: flow.would tend
to"increase the external heat transfer. The increase in
external heat transfer could have been caused also by
premature transition due to surface irregularities that
were apparent,

The fact that moro heat per unit area was necessary
to malntain the wing surface at temperatures only slightly
above ‘those noted in the XBw.24YF tests indicate that the
use 0f a flxed quantity of heat - per mnit area protected
may have definite limitations as a deslgn criterion..

A comperison of the heat gquantities and skin tempera-
tures of the wing and empennage indicates that a greater
portion of the total -output from the heat exchangers could
have been directed to the empennage end would have improved
the performance of these parte.

The importance of having ap alrplane that 1s.to~be
flown in inclement weather aerodynamically clean cannot be
overstressed. It has been noted during many flights in
lcing conditions that ice -will form on any obJject extending
from the surface.of the alrplane, Figure -21 shows small
ice accretions on the heads of 3/32-inch-diameter brazier-



head rivets. Other ebjects on the Lockheed 12A airplane
which’ normally collected ice- were the radilo antennas and
‘antenna masts, pitot-static head mast, D-F- loop housings,
door handles, cabin cold-air:-scoops, tail wvheel, and
navigation lights. Ice accretions on these and other

protuberancea causbd large loads and aérodynamic disturb--
ances. )

' Cop

CONCLUSIONS

1. The thermel ice-prevention equipment in the
Lockheed 124 airplane was satisfactory in all the icing
condltione encountered apd confirmed the practicability

of heated-~air systems using the exhaust gases as a source
of heat. !

2. Aerodynamic limitations to extended flight 1in
lcing condltions can be eliminated by the use of thermal
lce~prevention equipment combined with the elimination
of all protuberances from the surfaces of the airplane.

Amee Asronautical Laboratory,

Natlonal Advisory Committee for Aeronautics,
Moffett Fleld, Calif.
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TABLE I.- RESULTS OF THERMAL ICE~PREVENTION EQUIPMENT TESTS WITH THE-LOCKHEED 12-4 (HEATER NOQfEE)

Flight number 17 18 21 17 20 22 29 71 31

Run number 2. 1 1 1 1 1 1 1 2
Pressure altitude, ft . + . . + + . » « » o] 1,500/ 2,800/ 5,000{ 2,500 4,800{ 3,000| 3,400 3,700 3,500
Indicated airspeed, mph + « o w + o o+ « - . 152 1571 - 144 143 130 . 149 166 152
Free air tempcrature, deg F o + o « v o o + 251 .2k 21 25 26 19" ol 12 10
Type of 1€ o v v s o & + o o o o o s o o None{ None! None| Glaze| Glaze|Freezhg| Glaze| Rime! Rime

. . rain

Approx. rate of icing,® in,/hr. « » o o & o |mmmm —— 5 2 1 1/2 1
Fuel~air ratio o . ¢ v e s v s e s oo of 0,080 0,080 0.080) 0.080| 0.080) 0.080; 0.080; ¥.R.| 0.080
Exhaust-gas temperature, deg F '

LOft e @ e & e e 3 ® @ » € s ¢ @ ¢ & €. .0 1’280 19280 1,200 1;230 1,170 1’320 - . .

Right « 2 0 s 4 3 3 & & ¢ + & e 2 & ¢ 2 ¥ 1'250 1,270 19220 1,300 1’300 1’330 ; 1,350 1,230 l.’350
Air-inlet temperature, dez T .+ . + o« + - . 30 45 30 4o ko 30 40 20 25
Air temperature rise in heat exchanger,deg¥ _ o '

LOfE o o o o o oo o e 0 06 v 5 0 0 s ¢ o 278 275 273 280 273 318 287 286 297
CBIEBb . . e e ews e e e e e e ..l 212)  2712] 25| 303|350  3er| 33| 280| 298
Rate of air flow, lb/hr C _

Teft + « o o o ~ o e o s o s o o« « » of 1,900 1,870! 1,960] 1,840| 1,450| 1,500{ 1,600| 1,790| 1,740

Right + v+ v 4 v % 4 e 5 0 e e 4 s o s . o) 1,720 1,720{ 1,825! 1,610{ 1,050| 1,300 1,200| 1,870f 1,460
Heat quantity, 1b/hr : : :

Left ¢ v v o v 4o 6.0 0’0 o w.o s « o « -]128,000 125,000/130,000{125,000{101,000{116,000 {111,000 12M,OOO 125,000

Right . « . I A R A « » » »[11%,000,113,000 12l,OOO 118,200f 93,000 lO},QOO 91,300|127,000 (105,000
Air temperature at tail duct veaturi, deg F 250 250{  2Lo 270 280 280 270 235 250
Air temperature at empennafe, deg ¥ oiv . 170 175 170 188 193 193 190 159 180
Rate of air flow to empennaze,. deg F . . ,|=———rm=lom—cmmm o ——— i hOT 655 685
Heat loss in duct from heater to venturi, ) :

Btu/hl‘ * » v a-- LR s o . ' -'a » . 0 5 0 |TwTmeRTETITTeS ememrmsnmee— o r— " g,b20 10’800 11 ,6)4'0
‘Heat loss in“duct from wenturi to ' '

empennage, Btu/hr . . . % 4 v s . e b e s S PO ————— 9,840| 12,080| 11,640
| Heat at empennage, BEu/AT . o o o 4 + o o o o - o 18,500 22,100 25,500
“Potal heat from heater to empennage, Btu/hr — 36,960 44,980 NS,YSQ
Heat added to the right~hand wing panel, . - -

BYW/E v « » o o v s e» o s o o s . «|086,000P86,000{P96,000{P95,000|P76,000{P85,000| 72.820|10k,510| 81,110

8Rate of icing observed on inboard wing leading edge.

bInterpolated values,

11
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TABLE 1I.~ TEMPEBATURES 1IN THE LOGKREED ]2-A: THERMALMCE-FRETEITION BQUIPMENT

Tlight mmber 17] 18| 2| 17| 20 22; 291_7;1 5
Bun pumber - . 2 1 1l 1 1] 1 . 2
= —— = = C X — = o : ﬁ====.

Pressuro altitude, £t . . . . . 1500280 [5000 | 2500 | 4§00 3800 31400./3700}3500
Tudiceted airspeed, mph . . . .| 152 157.| 144 ({ 1u3| 130 f~~———| 1U9| 166| 152
Free air temperature, deg ¥ . .| 25| 24| 21| 25| 26 191 24| 12{ 210
Type of 1c6. - - + & . .+ . . " .. ' Ghese | Bage Frg:ﬁug. GLess (Rime |Rine

Exchangor air-outlet temp., . o
deg F i v v v b it e e o| 292 3171} 305 3u43) 390 3571 3531 300 323

Alr temperature out of leading-
edge coriugations, deg ¥ i . l

Wi, 62.127, 0D « .- « » » .| 1671 171 | 160! 187! 203 190I 184 | 153| 173
w5, sta.1?7¢ bottom . . . . .| 215) 225|169 237 270 253 243 | 190( 225
oo | ’
W46, 86a.170, top - . . . . o] 188] 200/ 188 ) 188| -216 192 223 | 175| 202
W37, stp.170, bottom « « + & & 193‘ 207 | 200| 193] 230 2161 230 180| 206
W4, s62.2C0, top .+ .+ . . . .| 1631 175|175 168 192 180 192! 159| 175
W35, 8%e.200, bottom . . . . .| 170] 180|280 173| 200 185! 200| 163 | 180
[
W38, ste.236, top . . . . . .| 154| 166|161 151| 176| . 163| 180| 1u47| 161
W29, sta.236, bottom + . .- « o 149| 161|151 | 1Li+]| 170 159 | 172| 145( 156
' |
W12, sta.272, top « « + . - & 1761 181 176 177 190 188 | 188, 160( 170
W13, ste.272, bottom . . . . .| 185|197 |190| 181 | 203 210| 208{ 1671 130
Wing tip eir temperatures,deg.¥ E |
WHO, alr inleb » « » o o . . .| 137] 17| 10| 2133| 151 1| 161 130| 137
WLl, sta.274, air outlst . . .| U3 Eg yy ug! 38 38 451 40| 3€
W2, sta.28Y4, air outlet . . »| 38 w51 ug| 38 36 43 ¥5| 35
Fin lesding-edge temp. rise, 1 .
deg ¥ - :

ﬂ,sta.‘)-l-'.l.........-q—m-! I

F2, 5t3:31 o o ¢ s 0 o 6 0 s o|-—=i. 6] 30 B jmm = ————] 14y 23| 17
T3, 86242225 ¢ 2 v = s v+ o . 25} Wl 3| 19| 20 3, 17] 28] 2%
., gta.lh,5 &« » e s = o s e | 30, UE[ 3L 23 22 5 19| 33| 28
Stabilizer temgeratures, deg T ! 0

S, 5t6.100 L.E. skin rise o o famees | t - | .
S” sta.100 duckt alr . . . . of 133 135[ 127 /138 | "13% 1351 1k2| 122| 127

3, sta 55 5 L8, ekin vise ..| B8] 51] 52} 20 2| | 38| 53] 45

Sw, etz F9  tup, skln rise « | 54| HE| 59| k0O |. ﬁl‘ 63! €2| 50
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Figure 1.- The NACA Lockheed 13A airplane equipped with heated-air
thermal ice-prevention equipment.
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(a) side view (b) End view

Figure 3.- The cast-aluminum heat exchanger as used in the ice-
prevention system of the lockheed 13A airplane. NACA
heat exchanger Design No. 223.
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(a) Photograph of the heat-
T SHkowe exchanger assembly
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(b) Ssctional view of the heat-exchanger assembly

Pigure 3.- The heat-exchanger assembly for the ice-prevention
system of the Lockheed 134 airplane.
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Figure 4.- The heat-

exchanger
assembly installed
in the right nacelle
of the Lockheed 13A
airplane.

Figure 5.- The heat-
exchanger
air inlet and fair-
ing on the left
nacelle of the
Lockheed 13A airplane.
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Figure 6.- The right -

hand wing
panel for the lLockheed
13A ice-prevention
systenm.

(c) Completed wing panel
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NACA Figs. 9,10

8TA.127 170 200 238 272
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® - Skin bottom
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H - Heat exohanger
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FIGURE 3. — THERMOCOUPLE LOCATIONS WV ITHE RIGHT WING AN LEL

OF THE LOCAMEED /24 Lq/RLANE
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Figure 11.- Observer's instrument panel in the lLockheed 13A airplane.
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Figure 12.- Performance of heat exchanger, WACA design No. 22,
as installed in the Lockheed 12A airplane.
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(a) Flight 17;run 2; clear air; free air temperature 25 OF;
fuel-air ratio 0.080; air temperature rise 272 OF,

Figure 13.- Wing surface temperature rise at wing stations 127,
(a to i) 200 and 272.
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NACA Fig. 13b
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(b) Flight 185 clear air; free air temperature 25 OF3 fuel-
air ratio 0.080; air temperature rise 272 OF.

Figure 13.~ Continued.



NACA Fig. 13c
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(¢) Flight 213 clear air; free air temperature 21 OF;
fuel-air ratio 0.080; air temperature rise 275 OF.

Figure 13.- Continued.
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(d) Plight 173 run 1; light glaze ice; free air temperature
25 OF; fuel-air ratio 0.080; air temperature rise 308 ©°F,

Figure 13.- Continued.
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(e) Flight 20; severe glaze icing (approx. 5 1lb per hour); free
air temperature 26 OF3 fuel-air ratio 0.0803 alr temperature
rise 350 °F.

Figure 13.~ Continued,
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(f) Flight 22; freezing rain (2 to 3 in. per hour); free air

temperature 19 OF; fuel-air ratio 0.075¢

rise 327 OF.

Figure 13.- Continued.
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(g) Flight 29; light rime ice (approx. 1 in. per hour); free
air temperature 24 9F; fuel-air ratio 0.080; air temperature
risc 313 OF; heat quantity, 72,820 Btu per hour.

Figure 13.- Continued.
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(h) Flight 313 run 1; light rime ice (approx. 1/2 in. per hour);
free air temperature 12 9F; fuel-air ratio approx, 0.1ll; air
temperature rise 280 OF; heat quantity to wing 104,000 Btu
per hour. :

Figure 13.-~ Continued.
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Figure 13.- Concluded.
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Figure 14.- Ice accretion on the outboard
leading edge of the horizontal stabilizer
of the lockheed 12A airplane before ad-
justment of air-outlet gap.

Figure 15.- Ice accretion on the inboard
leading edge of the horizontal stabilizer
of the lockheed 13A airplane before ad-
justment of air-outlet gap.
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Figure 16.- Ice formations during the

: process of removal from
the wing of the Lockheed 13A airplane.
The wing was completely cleared within
2 minutes after the application of heat.
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Figure 17.- A typical ice tformation on the
wing tip of the lockheed 13A airplane.
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Figure 18.-
Ice
accretlons
cauged by
the freezing
of water aft
of the heat-
ed area of
the stabil-
izer of the
Lockheed 13A
airplane.

Figure 30.- Ice accretions on the horizontal
stabilizer of the lLockheed 1234 °
alrplane during a flight in freezing rain.
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Figure 19.- Ice accretion on the pilot’'s heated windshield during a
flight in freezing rain with the lLockheed 12A airplane.




Figure 31. - An example of ice accretions on small protuberances
from the surfaces of airplanes.
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